1. Introduction {#sec1}
===============

Design and development of redox-active organic molecular system functionalized electrodes is a cutting-edge research in bioelectronics,^[@ref1],[@ref2]^ bioengineering,^[@ref3]^ biomedical,^[@ref4],[@ref5]^ and biosensor^[@ref6],[@ref7]^ applications. Since the proton-coupled electron-transfer reaction of catechol is associated with a variety of biomolecular reactions like oxidation of NADH^[@ref8],[@ref9]^ and thiol^[@ref10],[@ref11]^and in the neurosignaling system,^[@ref12]^ development of the catechol-based surface-bound thin film as a model bioengineering system is an important research work. Since 1978, there has been immense interest in the development of stable and redox-active surface-confined catechol systems.^[@ref13]^ The following are the representative examples for the preparation of surface-confined CAs: (i) covalent immobilization on the carbon surface; (a) amidation of catechol by chemically reacting it with dicyclohexyl carbodiimide and carboxylic acid functionalized GCE in the triethylamine medium at room temperature,^[@ref13],[@ref14]^ wherein the active GCE surface was achieved by treatment with radiofrequency plasma and preanodization procedures, (b) electrochemical functionalization of aldehyde bearing catechol on the preanodized GCE surface under alkaline conditions,^[@ref15],[@ref16]^ (c) diazonium-ion-based coupling reactions by chemical (bulk-reaction)^[@ref17],[@ref18]^ and electrochemical (surface-reaction) approaches^[@ref19]−[@ref22]^ and (d) Michael addition reaction based C--C bond formation,^[@ref23],[@ref24]^ and (e) a carboxylate linkage by electrochemical reaction of CA with a carboxylic acid functionalized GCE;^[@ref25],[@ref26]^ (ii) self-assembled monolayer approach, wherein thiol-functionalized CA derivatives are exposed to a clean gold electrode overnight;^[@ref22],[@ref27]^ (iii) oxidative chemisorption of catechol as an ad-layer at a defect-free Pt(111) single-crystal electrode surface in 0.5 M H~2~SO~4~;^[@ref28]^ (iv) π--π bonding of sp^2^ carbon of catechol with graphitic structure carbon nanomaterials, like MWCNT;^[@ref24],[@ref29],[@ref30]^ (iv) CA pendant metal complex modified electrodes;^[@ref31]^ and (v) catechol-functionalized polymer-modified electrode.^[@ref32]^ It is noteworthy that most of the existing procedures were associated with time-consuming multistep preparation procedures along with the usage of harsh chemicals like concentrated acid or alkaline solution. In all the above cases, achieving a good stability of the surface-confined system is a challenging task. For instance, dicyclohexyl carbodiimide assisted covalent linkage like the catechol-GCE-modified electrode showed about 20% surface fouling in 10 continuous CV experiments in pH 7 phosphate buffer solution (PBS).^[@ref14]^ Similarly, a library of 26 catechol derivatives covalently linked through ethylenediamine and C~6~H~4~-CH~2~-NH linker on the GCE, which has been prepared by a five-step synthetic procedure (∼20 h working time), namely; (i) grafting of the *N*-*tert*-butoxycarbonylamino-ethylamine (Boc) spacer on the GCE, (ii) covalent attachment of C~6~H~4~CH~2~NHBoc to the GC surface, (iii) Boc-deprotection of the modified GCE, (iv) coupling reaction of acyl chloride at the GCE, and (v) deprotection of dimethoxy groups at the GCE, showed about 60% fouling of the redox peak within the 10th redox cycling experiment in pH 7 PBS.^[@ref21]^ Herein, we first report a bias-potential-assisted electrochemical reaction of 2-methoxyphenol (guaiacol, as a precursor) to catechol as a stable and highly redox-active surface-confined system on the multiwalled carbon nanotube (MWCNT) surface in neutral pH solution.

Demethylation of organic compounds is one of the critical steps in organic synthesis to prepare several industrially important organic compounds like phenols, guaifenesin, etc.^[@ref1],[@ref33]−[@ref35]^ In general, this functional group transformation is performed under harsh chemical conditions along with strong reagents, for instance, a concentrated H~2~SO~4~, HI, and H~2~O~2~ mixture-based demethylation reaction of azodicarboxylates to noroxymophone.^[@ref36],[@ref37]^ Similarly, extreme temperatures, 700--800 K, and oxygen-gas-assisted conversion of 2-methoxyphenol to catechol (CA), pyrocatechol (Pyr), methyl catechol, and cresol were also reported.^[@ref38]^ Further, homogeneous catalysts like K~2~CO~3~ and Ca(OH)~2~ at high pressure (90 MPa) and high temperature (573 K),^[@ref39]^ a heterogeneous catalyst such as Al~2~O~3~ and ZSM-5,^[@ref40]^ a supported catalyst with Ni and Co at elevated temperature,^[@ref41]^and enzyme catalysts based on cytochrome c^[@ref42]^ and horseradish peroxidase (HRP)^[@ref43]^ were reported for the demethylation of guaiacol (Ph-2-OCH~3~) to the catechol conversion reaction. In this work, a bias-assisted one-step electrochemical demethylation of guaiacol to surface-confined catechol in mild aqueous solution within 10 ± 0.5 min of preparation time is reported.

In the literature, there are very few reports on the electrochemical demethylation of methoxyphenol in aqueous solutions. In 1973, Adam's group reported a two-step electrochemical procedure involving coulometric oxidation of 2-methoxyphenol at 0.9 V (equivalent of 2 electrons per mole) followed by reduction at 0 V vs Ag/AgCl (equivalent to 0.91 electrons per mole) at carbon paste and porous graphite electrodes for the formation of catechol in the 2 M HClO~4~ medium.^[@ref44]^ In 2016, Shao et al. reported Ti/Sb-SnO~2~ and Ti/Pb~3~O~4~ anodes for the mineralization of methoxyphenol at about 2 V vs Ag/AgCl in the presence of 5% NaSO~4~ and NaCl electrolyte solutions.^[@ref45]^ Meanwhile, owing to the antioxidant property of 2-methyoxyphenol,^[@ref46],[@ref47]^ there are some electrochemical sensors for the compounds that were developed utilizing the irreversible electrochemical oxidation of phenol. The following are some of the representative electrochemical sensors for the 2-methoxyphenol: graphene sheets-Nafion-Au electroplated screen-printed carbon electrode,^[@ref48]^ sodium gallate exfoliated graphene-nanosheet-modified GCE,^[@ref49]^ MnO~2~-graphene oxide modified GCE,^[@ref50]^ γ-Al~2~O~3~-modified GCE,^[@ref51]^ and biosensors based on HRP,^[@ref43]^ laccase,^[@ref52],[@ref53]^ and cytochrome c.^[@ref41]^ In this work, a systematic study has been carried out for the preparation and characterization of MWCNT-surface-confined catechol via voltage-bias-assisted electrochemical demethylation of 2-methoxyphenol in pH 7 PBS. The surface-confined catechol was confirmed by collective physicochemical (FTIR, Raman, UV--vis spectroscopy), molecular (nuclear magnetic resonance and mass spectrometer), and electrochemical characterization techniques. As a model system, stable and highly efficient electrocatalytic oxidation of hydrazine, one of the hazardous substances present in the environment and has been referred as a group B2 carcinogen^[@ref54]^ by the surface-confined catechol system, was demonstrated.

2. Results and Discussion {#sec2}
=========================

2.1. Electrochemical Reaction of 2-Methoxyphenol on Carbon Electrodes {#sec2.1}
---------------------------------------------------------------------

For understanding the basic electrochemistry of 2-methoxyphenol (Ph-2-OCH~3~), initial experiments were performed on the bare GCE surface. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A shows the 10 continuous CV responses of an unmodified GCE in the presence of 9 mM Ph-2-OCH~3~ in pH 7 PBS. In the first cycle, there is an irreversible peak at 0.6 V vs Ag/AgCl (A1 peak) on the anodic side, and the absence of any current peak on the cathodic side was noticed.

![Twenty continuous CV responses of (A) the GCE and (B) GCE/MWCNT with 9 mM Ph-2-OCH~3~ and (C) the Ph-2-OCH~3~ exposed GCE/MWCNT (MWCNT\@Ph-2-OCH~3~-ECR) (a) and GCE (GCE\@Ph-2-OCH~3~-ECR) (b) in pH 7 PBS at *v* = 50 mV s^--1^. (B) curve b is a control CV response of the GCE/MWCNT in pH 7 PBS at *v* = 50 mV s^--1^. ECR = electrochemical reaction product.](ao0c01846_0001){#fig1}

Upon increasing the cycle number, a sharp decrement in the current response was observed, and at the 10th cycle, a complete disappearance of the A1 peak was obtained. During the electrochemical cycling process, a feeble redox peak at *E*^o^' = 0.15 (A2/C2) V vs Ag/AgCl was observed. After this experiment, when the electrode is gently washed with double distilled water and medium-transferred from Ph-2-OCH~3~ to a blank pH 7 PBS and the continuous CV response is measured, there is no sign of the faradaic process. These results indicate the nonamenable characteristics of the Ph-2-OCH~3~ on solid electrodes. As a model system, the same CV experiment was performed on the MWCNT-modified GCE, GCE/MWCNT with 9 mM Ph-2-OCH~3~ in pH 7 PBS as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B. Similar to the GCE, an irreversible peak at 0.6 V (A1) in the first cycle was observed. Interestingly, upon successive cycles, specific growth like redox peaks at *E*^o^', −0.05 (A2'/C2'), 0.15 (A2/C2), and 0.30 V vs Ag/AgCl (A3/C3), were noticed. At 10th cycles, near saturation in the peak current response was noticed. Unlike the GCE case, when the Ph-2-OCH~3~ exposed GCE/MWCNT was medium-transferred to a new pH 7 PBS and 10 continuous CV cycles were performed, the redox peaks, A2/C2 and A2'/C2', were retained without any alteration in the peak current and peak potential. Calculated relative deviation (RSD) and surface-excess values are 1.1% and 16.65 × 10^--9^ mol cm^--2^ ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01846/suppl_file/ao0c01846_si_001.pdf)), respectively. This observation highlights the uniqueness of the graphitic carbon material on the electrochemical performance of the Ph-2-OCH~3~ in a neutral pH solution. This point onward, the electrochemically modified electrode is tentatively designated as GCE/MWCNT\@Ph-2-OCH~3~-ECR (−OCH~3~ = −OMe), wherein ECR means the electrochemical reaction product.

To understand the mechanism of the redox process, GCE/MWCNT\@Ph-2-OCH~3~-ECR was subjected to the effect of the scan rate experiment in pH 7 PBS ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). A regular increase in the redox peak current upon the increase in the scan rate was noticed. A plot of anodic and cathodic peak currents *i*~pa~ and *i*~pc~ vs scan rate is linear up to a scan rate of 200 mV s^--1^ indicating the adsorption-controlled electron-transfer feature of the Ph-2-OMe-ECR-modified electrode. The nonlinear characteristic at *v* \> 200 mV s^--1^ is due to some kinetic restriction. Presumably, owing to a multilayer existence, there is mixed adsorption-diffusion-controlled electron-transfer behavior of the surface-confined redox couple. The electrochemical kinetics parameters were evaluated using the following Laviron model equation:^[@ref55],[@ref56]^where SLP~a~ and SLP~c~ are the slopes of *E*~pa~ (166.3 mV dec^--1^) and *E*~pc~ vs log *v* plot (126.7 mV dec^--1^), respectively, α is the transfer coefficient, and Δ*E*~p~ is peak-to-peak separation (212 mV) at a scan rate (*v*) (100 mV s^--1^). After substituting the values in [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"}, the kinetics parameters, α and *k*~s~ values, were calculated to be 0.53 and 1.31 s^--1^,^,^ respectively. The obtained α value, 0.53, is closer to the ideal value, 0.5, indicating a symmetrical energy barrier for the electron-transfer reaction. The *k*~s~ value calculated in this work is comparable with previous literature reports of various preparation methods of surface-confined catechol, namely, self-assembled monolayer (1.1--2.7 s^--1^),^[@ref26]^ graphite (4 s^--1^),^[@ref26]^ ferrocene-terminated alkene thiol on Au (SAM) (1.8 s^--1^),^[@ref26]^ carbon via diazonium coupling (0.87 s^--1^),^[@ref19]^ and Michael addition reactions (9.8 s^--1^).^[@ref24]^ Similarly, the surface-excess value obtained, 16.65 × 10^--9^ mol cm^--2^, is about 10--1000 times higher than the previous literature reports.^[@ref10],[@ref14],[@ref24],[@ref57]^

![(A) Effect of the scan rate on the CV response of GCE/MWCNT\@Ph-2-OCH~3~-ECR in pH 7 PBS. Plots of (B) anodic peak current (*i*~pa~) and cathodic peak current (*i*~pc~) vs scan rate and (C) *E*~pa~ and *E*~pc~ vs log of scan rate for peak A2/C2. (D) Effect of pH on the CV response of GCE/MWCNT\@Ph-2-OCH~3~-ECR at a fixed *v* = 50 mV s^--1^. (E) Plot of *E*^o^' vs solution pH.](ao0c01846_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D shows a typical CV response of the GCE/MWCNT\@Ph-2-OCH~3~-ECR over a wide range of solution pH (2--11) at a fixed scan rate, 50 mV s^--1^. A systematic shift in the redox peak potential against changes in the solution pH was noticed. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E shows a plot of *E*^o^' vs pH showing linearity in pH window 2--11 with a slope (∂*E*^o^'/∂pH) value of −60 mV pH^--1^. This observation denotes the Nernstian type of proton-coupled electron-transfer reaction with participation of an equal number of protons/electrons in the reaction mechanism.

In this stage, it is difficult to predict the actual active species of the Ph-2-OCH~3~-ECR. It can be speculated that the demethylation type of functional group transformation happens,^[@ref33]−[@ref40]^ with the formation of the surface-confined catechol molecule upon the electrochemical experiment. Indeed, since the amount of adsorbed molecule is very less, in the nanogram level, it is a highly challenging task to precisely identify the surface-bound organic species in the chemically modified electrode. To solve the problem and to determine the precise molecular structure of the surface-bound organic species, several critically designed electrochemical and physicochemical characterizations were performed, and the results are summarized below.

2.2. Electrochemical Characterization of GCE/MWCNT\@Ph-2-OCH~3~-ECR {#sec2.2}
-------------------------------------------------------------------

To identify the key bias potential for the electrochemical preparation of the GCE/MWCNT\@Ph-2-OCH~3~-ECR, the effect of the potential window (−0.2 to 0.8 V) was investigated at a fixed scan rate, 50 mV s^--1^, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B. In the first step (step 1) of experiments, ending potential (*E*~final~), −0.8 V, was fixed and the starting potential (*E*~Initial~) was varied, 0.4 (a), 0.2 (b), 0 (c), and −0.2 V vs Ag/AgCl (d). Similarly, in the step-2 experiments, *E*~Initial~ was fixed at −0.2 V and *E*~final~ was varied, 0.4 (a), 0.5 (b), 0.6 (c), and 0.8 V vs Ag/AgCl (d). In the first step-1 experiments, there are no obvious changes in the electrochemical pattern. On the other hand, the step-2 experiments show a clear indication that the anodic sweeping potential 0.5 V vs Ag/AgCl, wherein the A1 irreversible peak operates, is responsible for the formation of the A2/C2 redox peak in this work.

![Effect of potential on the continuous CV response of the GCE/MWCNT (freshly prepared electrodes) with 9 mM Ph-2-OCH~3~ in pH 7 PBS at *v* = 50 mV s^--1^. (A) CV experiments with a fixed final potential of 0.8 V and varying switching initial potentials of (a) 0.4, (b) 0.2, (c) 0, and (d) −0.2 V vs Ag/AgCl (step 1). (B) CV experiments with a fixed initial potential of −0.2 V and varying final potentials of (e) 0.4, (f) 0.5, (g) 0.6, and (h) 0.8 V vs Ag/AgCl (step 2).](ao0c01846_0003){#fig3}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the effect of various carbon nanomaterials like carbon black (a bulk carbon material with a mixture of amorphous, crystalline, and graphitic structures), graphitized mesoporous carbon (contains both graphitic units and a ∼50 nm mesoporous structure to entrap organic molecules), single-walled carbon nanotube (allotropes of the MWCNT, contains single units of the CNT), and graphene oxide (possesses rich C--O functional groups) that were modified on the GCE and subjected to electrochemical reaction as mentioned in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B. Obtained electrochemical patterns are displayed in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A--D. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}E shows the respective plot of A2-peak current vs carbon nanomaterial. Based on the obtained results, the following summary can be made: (i) all the carbon material showed a qualitatively similar electrochemical reaction to the Ph-2-OCH~3~ molecules but to a different extent; (ii) the lowest peak current values are obtained with GO- and SWCNT-modified electrodes suggesting that oxygen-functionalized carbon units hinder the stability of the Ph-2-OCH~3~-ECR compound formed on the surface and the multilayer graphitic unit rich CNT is suitable for the favorable molecular transformation. Likely, the dense sp^2^ graphitic site of the MWCNT is an advantage for strong π--π interaction with the aromatic structure of the Ph-2-OCH~3~ precursor and further to a diffusion-restricted electrochemical reaction. (iii) The porous structure of the carbon units is not encouraging for the stabilization of the surface-confined organic product. With all the speculative information about the product, the Ph-2-OCH~3~-ECR is further subjected to physicochemical characterizations as follows.

![(A--E) CV responses of various carbon-matrix-modified GCEs with (a) 9 mM Ph-2-OCH~3~ and (b) their medium-transferred responses in pH 7 buffer solution at *v* = 50 mV s^--1^. (F) Comparison plot of *i*~pa~/μA (A2 peak) versus various carbon matrixes. Carbon black = CB, multiwalled carbon nanotube = MWCNT, graphitized mesoporous carbon = GMC, single-walled carbon nanotube = SWCNT, and graphene oxide = GO. ECR = electrochemical reaction product.](ao0c01846_0004){#fig4}

2.3. Physicochemical Characterization of MWCNT\@Ph-2-OCH~3~-ECR {#sec2.3}
---------------------------------------------------------------

Transmission electron microscopy was used to further understand the surface characteristic features of the MWCNT before and after electrochemical treatment with Ph-2-OCH~3~ as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. A black cloud-like morphology with a relatively intense black-colored tubular structure was noticed. Although there is no structural information about the Ph-2-OCH~3~-ECR compound, the obtained result may indicate the existence of strong π--π interaction between the sp^2^ site of the MWCNT and aromatic unit of the Ph-2-OCH~3~. To substantiate the observation, the modified electrode was subjected to Raman spectroscopic characterization along with a control experiment. For practical convenience, screen-printed carbon-modified electrodes were used in this study. As displayed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A, both MWCNT and MWCNT\@Ph-2-OCH~3~-ECR showed a qualitatively similar pattern with the observation of a D-band (disordered graphitic structure due to the sp^3^ carbon unit) and G-band (graphitic structure due to the sp^2^ carbon site) at 1350 and 1570 cm^--1^, respectively.

![TEM images of (A) the unmodified MWCNT and (B) MWCNT\@Ph-2-O-CH~3~-ECR.](ao0c01846_0005){#fig5}

![Comparative characterization of the MWCNT\@Ph-2-OCH~3~-ECR with control samples by (A) Raman, (B) UV--vis, and (C) FTIR spectroscopic analysis. For Raman analysis, samples were prepared on a disposable screen-printed electrode as an underlying surface. The MWCNT\@Ph-2-OCH~3~-ECR sample was extracted from the test electrode using ethanol as a solvent.](ao0c01846_0006){#fig6}

The intensity ratio of the band, *I*~D~/*I*~G~, can be considered as an indication for the alteration in the graphitic surface feature. Calculated *I*~D~/*I*~G~ values for the MWCNT and MWCNT\@Ph-2-OCH~3~-ECR are 0.45 and 0.87, respectively. The marked increment in the ratio is evidence for relatively higher sp^3^ content with MWCNT\@Ph-2-OCH~3~-ECR than that of the MWCNT. This observation supports the association of oxygen-functionalized aromatic molecules like catechol and other polyphenols on the surface-confined system. Further, to strengthen the result, UV--vis and FTIR characterizations were performed as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B,C. For these experiments, an ethanolic extract of the GCE/MWCNT\@Ph-2-OCH~3~-ECR was collected by sonicating the modified electrode in 500 μL of ethanol followed by syringe (0.2 μm) filtration and drying and further subjected to chemical characterization without and with a suitable solvent. As can be seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, a characteristic λ~max~ peak at 286 nm disappeared entirely with the formation of new electronic transitions at 249 (carbonaceous fraction) and 293 nm due to functional group transformation on the electrochemical process. Further characterization studies are needed to confirm the true species. FTIR of the extracted sample showed a specific signal at 1626 cm^--1^ due to the aromatic quinone, whereas the phenolic functional group exhibited a signal at 1589 cm^--1^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C).^[@ref60]^ These characterization results provide preliminary evidence for the conversion of the Ph-2-OCH~3~-ECR to polyphenols like organic compounds (CA, HQ-hydroquinone, and pyrogallol) upon the electrochemical reaction. Further, the ethanolic extract was subjected to GC--MS analysis in comparison with a control sample (Ph-2-OCH~3~, calculated molecular mass, 124.14) as shown in [Figure S2A,B](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01846/suppl_file/ao0c01846_si_001.pdf). The control sample showed a characteristic *m*/*z* value at 124.14 for the Ph-2-OCH~3~ (calculated molecular mass, 121.13), whereas the Ph-2-OCH~3~-ECR sample gave *m*/*z* peaks at 110.3 (catechol or hydroquinone; calculated molecular mass, 110.1) and 123.16 (pyrogallol, calculated molecular weight, 126.11; \[M--3H\] peak; it may be formed as a fragmentation pathway molecule). To authenticate the expectation, the ethanolic extracted sample (Ph-2-OCH~3~-ECR) was further subjected to NMR measurement. Depending upon the nature of protons and different chemical environments present, the proton will resonate either downfield or upfield within the NMR spectrum. Proton NMR can be used to easily differentiate catechol over HQ. In catechol, due to *ortho*- and *meta*-coupling, aromatic protons appear as a multiplet, and it will resonate at the downfield in the aromatic region. On the other hand, in HQ, due to molecular symmetry, aromatic protons appear as a singlet in the NMR spectrum. Prior to the analysis, the small amount of sample was purified using a column filter in a pipette column, and later, the thin-layer chromatographic method was run as displayed in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01846/suppl_file/ao0c01846_si_001.pdf). Meanwhile, for qualitative comparison, catechol and pyrogallol samples (controls) were placed in the TLC plate, and their retention factors (*R*~f~) were analyzed. It is interesting to notice that the *R*~f~ values match between the Ph-2-OCH~3~-ECR and catechol. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A,B shows the typical DMSO-*d*~6~ NMR spectra of Ph-2-OCH~3~ (control) and the TLC-extracted Ph-2-OCH~3~-ECR samples. NMR signals (δ) in ppm noticed with the control, Ph-2-OCH~3~, are 8.9 (C2; s, 1H of OH), 6.8 (C3; multiplet, 4H, phenyl), and 3.7 (C1; singlet, 3H, −OCH~3~), whereas in the case of Ph-2-OMe-ECR, DMSO-*d*~6~ NMR signals (in ppm) are 8.4 (C1; singlet; OH) and 6.8--7 (C2 and C3; multiplet; 4H, phenyl). In view of the presence of the characteristic proton signals, we can conclude that catechol (Ph-2-OMe-ECR) was a chief product and can conclusively rule out the HQ and pyrogallol existence.

![NMR spectra of (A, control) the Ph-2-OCH~3~ and (B) Ph-2-OCH~3~-ECR obtained from the cycling voltammetry (GCE/MWCNT with Ph-2-OCH~3~). Insets are typical illustrations of respective organic compounds and their positions.](ao0c01846_0007){#fig7}

To confirm this observation, commercial CA and pyrogallol (control) samples prepared as a solution in ethanol were adsorbed on the MWCNT, and the CV responses were measured ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01846/suppl_file/ao0c01846_si_001.pdf)). It is obvious that the A2/A2 and A2'/C2' noticed in this work merely match with those of the control sample of CA, not with the pyrogallol's. The minor A2'/C2' redox signal seen in this work is attributed to surface confinement of the CA at energetically different carbon sites.^[@ref28]^ This point onward, the GCE/MWCNT\@Ph-2-OCH~3~-ECR is redesignated as GCE/MWCNT\@CA~DE~, wherein CA~DE~ is electrochemically demethylated Ph-2-OCH~3~ to CA product. Based on the electrochemical and physicochemical characterization results, it is proposed that upon electrochemical potential cycling of the GCE/MWCNT, the solution phase Ph-2-CH~3~ was adsorbed on the numerous graphitic sites of the MWCNT through π--π interaction and involved in electrochemical oxidation of the phenolic site as a first step followed by radical delocalization, protonation, and then a water addition step for the formation of a surface-confined CA. The details of the overall mechanism and step-by-step molecular transformation information are sketched in [Schemes [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} and [2](#sch2){ref-type="scheme"}, respectively.

![Illustration of Graphitic-Surface-Assisted Electrochemical Demethylation of Ph-2-OCH~3~\
(A) Electrochemical oxidation step at the A1-peak potential, (B) typical demethylation step on the graphitic surface, and (C) protonation and reduction of the intermediate (other details in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). (D) MWCNT-surface-confined catechol molecule and its redox and electrocatalytic mechanism. The inset shows an illustration of the interaction of the GCE with Ph-2-OCH~3~. ECR = electrochemical reaction product. CA~DE~ = 2-methoxyphenol demethylated (DE) product, catechol (CA). (F) Illustration of the nonreactive interaction between Ph-2-OCH~3~ and bare GCE surface.](ao0c01846_0010){#sch1}

![Plausible Electrochemical Oxidation Mechanism for the Demethylation of Redox-Inactive Ph-2-OCH~3~ (Guaiacol) to Redox-Active Catechol (Ph-2-OCH~3~-ECR) on the GCE/MWCNT-Modified Electrode System via Generation of a Phenoxy Radical, Protonation, Reduction Reactions in pH 7 Phosphate Buffer Solution. Ph-2-OCH~3~-ECR = Catechol](ao0c01846_0011){#sch2}

2.4. Electrocatalytic Hydrazine Oxidation and Sensing {#sec2.4}
-----------------------------------------------------

The hydrazine oxidation reaction was studied as a model system for the mediation of the proton-coupled electron-transfer reaction of catechol in a neutral pH solution. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A, curves a and b, shows 2 mM hydrazine electrochemical oxidation reactions at the GCE/MWCNT and GCE/MWCNT\@CA~DE~. The unmodified electrode failed to show any electrochemical oxidation signal in the tested potential window, whereas the MWCNT\@CA~DE~-modified electrode showed a profound anodic signal at the anodic peak potential, 0.22 V, near to the existence of the A2/C2 redox couple. The oxidation current signal obtained at the CA~DE~-modified electrode is about 400 times higher than and shows 500 mV reduction in the potential compared to the respective values obtained with the MWCNT ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A, curve c). This observation is attributed to the efficient electrocatalytic functionality of the surface-confined CA redox system. Unlike in the literature reports, there is no fouling of the CA upon the electrocatalytic oxidation reaction, highlighting the superior functionality of the present work to the existing literature report. The electrocatalytic hydrazine oxidation was further extended to electroanalytical sensing by CV and amperometric *i*--*t* techniques. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B shows a typical CV response of GCE/MWCMT\@CA~DE~ with increasing concentration of hydrazine in the window of 0--1 mM at a fixed scan rate, 10 mV s^--1^. The oxidation current signal was linear with hydrazine concentration in a window of 0--2 mM with a current sensitivity and regression coefficient values of 21.1 μA mM^--1^ and 0.9991, respectively ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}C). A comparative table for different hydrazine sensors reported is tabulated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} showing appreciably good sensitivity at a low detection potential.^[@ref29],[@ref56],[@ref61]−[@ref66]^ A double logarithmic plot of *i*~pa~ vs \[Hyd\] is linear, with a slope value of 1.16 attributed to the first-order reaction rate for the oxidation reaction. A Tafel plot was constructed using the increasing portion of the hydrazine (2 mM) oxidation current curve as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}D,E. The calculated anodic Tafel slope (*b*~a~) for the hydrazine oxidation reaction is 131 mV dec^--1^. Assuming that the number of electrons transferred (*n*~a~) involved in the rate-determining step is 1 and the relationship *b*~a~ = 2.303*RT*/(1 -- α')*n*~a~*F*, the α' value is estimated to be 0.54.

![(A) CV responses of GCE/MWCNT\@CA~DE~ (a) without and (b) with 2 mM hydrazine at *v* = 10 mV s^--1^ in pH 7 PBS. The inset plot is a Tafel region. Curve c is a control CV of the GCE/MWCNT with 2 mM hydrazine. (B) Effect of hydrazine concentration on the CV response of GCE/MWCNT\@CA~DE~ at *v* = 10 mV s^--1^ in pH 7 PBS. Plots of (C) *i*~pa~ vs Hyd concentration, (D) log *i*~pa~ vs log\[Hyd\], and (E) *E* vs log *i* (Tafel plot).](ao0c01846_0008){#fig8}

###### Comparative Electroanalytical Performance for Hydrazine Detection Using GCE/MWCNT\@Ph-2-OCH~3~-ECR with Some Representative Literature Reports (Based on the CV Result)[a](#t1fn1){ref-type="table-fn"}

       chemically modified electrode   pH                   *E*~pa~/V vs Ag/AgCl   sensitivity (μA mM^--1^)   linear range (mM)   ref
  ---- ------------------------------- -------------------- ---------------------- -------------------------- ------------------- ------------
   1   GCE/CNT\@CA-deriv.              4--8, PBS            0.25                   0.76--3.05                 0.002--4.5          ([@ref29])
   2   GCE/MWCNT\@EA                   7, PBS               0.2                    22.8                       0.5--9              ([@ref56])
   3   GCE/PB                          3, 0.1 M K~2~SO~4~   0.9                    22.6                       0--100              ([@ref61])
   4   GCE/CGA                         7.5, PBS             0.30                   11.0                       0--1                ([@ref62])
   5   GCE/CNT\@PCV                    7.5, PBS             0.5                    19.8                       0.05--4             ([@ref63])
   7   GCE/MWCNT\@QLO                  7, PBS               0.10                   4.4                        0--10               ([@ref64])
   8   GCE/MWCNT\@PQQ                  7, Tris buffer       0.45                   1.0                        0--10               ([@ref65])
   9   GCE/CNT\@HQ (HQ-hydroquinone)   7, PBS               0.3                    2.06                       0--10               ([@ref66])
   10  GCE/MWCNT\@CA~DE~               7, PBS               0.15                   21.1                       0--1                our work

PB = Prussian blue; CA-deriv. = catechol derivatives, catechin hydrochloride, chlorogenic acid, and caffeic acid; PCV = pyrocatechol violet; EA = ellagic acid; HQ = hydroquinone; PQQ = pyrroloquinoline quinone; QLO = quinolone quinones; CA~DE~ = CA derived from demethylation of 2-methoxyphenol on the MWCNT.

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A,B shows the amperometric *i*--*t* response of continuous spikes of 25μM hydrazine in 10 mL of pH 7 PBS at an applied potential, *E*~app~ = 0.15 V vs Ag/AgCl. A systematic increase in the sensing current against the hydrazine spikes was noticed. Constructed calibration was linear in a window of 0--300 μM hydrazine with current sensitivity and regression values of 0.33 μA μM^--1^ and 0.9993, respectively ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C). The calculated detection limit value is 8.8 μM. Interestingly, the electrode was found to be tolerant to interferences of other biochemicals such as uric acid (UA), xanthine (X), hypoxanthine (Hx), glucose (Glu), nitrate (NO^3--^), hydrogen peroxide (H~2~O~2~), ascorbic acid (AA), Cu^2+^ (data not enclosed), and Fe^2+^ (data not enclosed). Indeed, the tolerance to interferences was also noticed with dopamine, hydroquinone, and resorcinol that were used as analytes (data not enclosed). Five repeated modified electrode preparations showed an RSD value of 7.5% demonstrating good reproducibility of this new preparation technique.

![(A) Comparative amperometric *i*--*t* responses of (a) GCE/MWCNT\@CA~DE~, (b) GCE/MWCNT, and (c) GCE for continuous sensing of 25 μM hydrazine (final concentration) at an applied potential, 0.15 V vs AgCl in 10 mL of pH 7 PBS (hydrodynamic conditions). (B) Typical calibration plot. (C) Amperometric *i*--*t* response of the GCE/MWCNT\@CA~DE~ with various interfering chemicals along with hydrazine (Hyd) in pH 7 PBS. UA = uric acid, X = xanthine, Hx = hypoxanthine, Glu = glucose, and AA = ascorbic acid.](ao0c01846_0009){#fig9}

3. Conclusions {#sec3}
==============

A new electrochemical approach has been introduced for the preparation of surface-confined catechol on the graphitic carbon electrode using 2-methoxyphenol as a precursor compound in a neutral pH solution. The redox signal is surface-confined in nature, and the activity is Nernstian type of proton-coupled electron transfer. Potential cycling of the MWCNT-modified GCE in a window of −0.2 to 0.8 V in a dilute solution of 2-methoxyphenol resulted in the formation of a stable and well-defined redox couple at *E*^o^' = 0.15 (A2/C2) V vs Ag/AgCl with a surface-excess value of 16.65 × 10^--9^ mol cm^--2^. In order to elucidate the true species, the modified electrode was characterized by several electrochemical and physicochemical techniques based on potential segment CV experiment, TEM, Raman, IR, UV--vis, and NMR spectroscopic analysis. Collecting results from these techniques, it has been revealed that electrochemical-reaction-assisted demethylation of 2-methoxyphenol to catechol occurred on the GCE/MWCNT surface and hence showed the well-defined surface-confined redox signal in this work. As a model system, electrocatalytic oxidation of hydrazine was performed on the new surface-confined catechol system in a neutral pH solution. The electrokinetics parameters such as Tafel slope and transfer coefficient were measured to be 131 mV dec^--1^ and 0.54, respectively. A summary of the new findings in this work is as follows: (i) A new approach for preparation of a stable surface-confined catechol system in neutral pH, unlike the literature report on strong acid or nonaqueous-based preparation conditions. (ii) The new modified electrode is prepared within 10 min, contradictory to the literature reports with a series of synthetic organic steps (covalent modification and diazotization steps) and time-consuming preparation procedures. (iii) This new procedure allows about 10 times higher surface-excess value of surface-confined catechol than that of the conventional preparation procedure. (iv) There is no fouling of the catechol unit upon the continuous CV cycling experiment in neutral pH solution unlike the severe fouling noticed with the covalently immobilized catechol-modified electrode, and (v) the efficient electrocatalytic function was demonstrated using hydrazine oxidation as a model system. Hence, the present approach is a superior platform to the existing literature report.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

Guaiacol (\>98%, CAS 90-05-1, TCI), graphitized mesoporous carbon (GMC, 99.95%; 50 nm), single-layer graphene oxide ethanol nanodispersed (GO, \>80%, 0.6--1.2 nm thickness, 0.5--2.0 μm flake size), single-walled carbon nanotube (SWCNT; ∼70% purity on a carbon basis, size 0.7--1.1 nm diameter), MWCNT (∼95% purity assay; outer diameter size 10--15 nm; inner diameter size 2--6 nm; length 0.1--10 mm), and carbon black (CB, N330 grade gifted by Phillips Carbon Black Ltd., Kochi, India) were used without modification. A 0.1 M ionic strength pH 7 phosphate buffer solution prepared using Na~2~HPO~4~ and NaH~2~PO~4~ in double-distilled H~2~O was used as a supporting electrolyte. Hydrazine sulfate extrapure AR stored in a brown bottle (SRL, India) was used without any further purification. ***Caution!*** Since hydrazine is suspected as a carcinogenic substance, care must be taken while handling the chemical.

4.2. Apparatus {#sec4.2}
--------------

A CHI electrochemical workstation model 660 C (USA) was used to carry out cyclic voltammetric and differential pulse measurements using a 10 mL working volume cell. A three-electrode system consisting of a glassy carbon electrode (GCE; 3 mm diameter) and its chemically modified system as a working electrode, Ag/AgCl (in 3 M KCl) as a reference electrode, and platinum disc (2 mm diameter) as a counter electrode was used. Transmission electron microscope (TEM) characterization was done using an FEI-Tecnai G2 20 Twin Instrument using a 3 mm diameter copper grid system. FTIR spectroscopic measurements were performed using a Shimadzu instrument (Japan), and UV--vis spectroscopic studies were done using a JASCO (V-670 PC) 4100 instrument (Japan) with the KBr method. A Horiba XploRA instrument (France) was used for the Raman spectroscopic analysis of the modified electrodes at a fixed wavelength of 532 nm. Gas chromatography--mass spectroscopy for column-filtered extracted ethanolic solution was performed using an Agilent 7890B gas chromatograph instrument. The proton NMR spectrum was recorded on a Bruker 400 MHz using DMSO-*d*~6~ as a solvent. For the NMR analysis, an extracted solution was obtained by sonicating the modified electrode in 500 μL of ethanol and filtering using a syringe filter (0.2 μm) and used.

4.3. Preparation of the Surface-Confined Catechol-Modified Electrode {#sec4.3}
--------------------------------------------------------------------

Initially, the bare GCE was wet-polished using an alumina powder-distilled water suspension using a BAS polishing kit and rinsed off to eliminate residual abrasive particles followed by sonication in double-distilled water for about 2 min. Later, the electrode was electrochemically pretreated (−0.2 to 1.2 V vs Ag/AgCl at a scan rate (*v*) of 50 mV s^--1^ for 20 cycles) in pH 7 PBS. Next, 5 μL of 3 mg carbon nanomaterial (carbon nanomaterials like CB, MWCNT, GMC, SWCNT, and GO) dispersed in ethanol (1 mL) was drop-cast on the bare GCE surface and left to dry (25 ± 2 °C) for 2 ± 1 min. Then, the modified electrode was placed in a cell containing 9 mM 2-methoxyphenol in pH 7 PBS, and 20 continuous potential cycling experiments in a window of −0.2 to 0.8 V vs Ag/AgCl at a scan rate *v* of 50 mV s^--1^ were performed. It took only 6.6 min to complete the experiment. Such an electrochemical treatment procedure led to the formation of surface-confined catechol on the carbon-nanomaterial-modified GCE surface. As a pretreatment procedure, the as-prepared modified electrode was gently washed with double-distilled water and then medium-transferred to a new pH 7 PBS, and 10 cycles of continuous CV in a potential window of −0.2 to 0.8 V vs Ag/AgCl at *v* = 50 mV s^--1^ were performed.

The surface excess Γ of the electroactive redox species responsible was calculated with the equation Γ = *QnFA*~e~, where *Q* is the charge, obtained by integrating the anodic redox peak area in the cyclic voltammetry at a slow scan rate, 10 mV s^--1^, in pH 7 PBS, *n* is the number of electrons transferred (1 in the present case), and *A*~e~ is the electrode geometric area (0.0707 cm^2^).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01846](https://pubs.acs.org/doi/10.1021/acsomega.0c01846?goto=supporting-info).Figure S1, plot of surface excess vs Ph-2-OCH~3~ concentration used in the electrochemical demethylation reaction; Figure S2, GC--MS responses of Ph-2-OCH~3~ and Ph-2-OCH~3~-ECR; Figure S3, typical thin-layer chromatography of ethanolic extract from MWCNT\@Ph-2-OCH~3~-ECR with various controls; Figure S4, control CV responses of catechol, pyrogallol, and a mixture of catechol + pyrogallol on the GCE/MWCNT in pH 7 PBS ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01846/suppl_file/ao0c01846_si_001.pdf))
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